The aim of this study was to highlight the interest of using CFD technique as a diagnostic tool of a malfunctioning Solid Oxide Fuel Cells. Hydrogen starvation of a SOFC due to nitrogen dilution is one of the cell dysfunctions and can lead to its degradation. Identifi cation of the starvation point allows to improve cell performance and establish the best conditions for degradation tests. To illustrate a potential of the CFD tool, several simulations of a single planar SOFC and its behaviour under hydrogen starvation were performed and analysed. The results showed that at lower cell voltage values of 0.3 and 0.5 V signifi cant gradients in the electric current were noticed due to a local reduction in hydrogen concentration. The CFD analysis allowed defi ning desirable mass fl ow rate of hydrogen to SOFCs to avoid fuel starvation. The model constitutes a helpful tool for optimizing cell design and operational conditions.
INTRODUCTION
Among various types of fuel cell, Solid Oxide Fuel Cell (SOFC) was chosen for this study as a result of its low emission as well as possible combined electric and thermal effi ciencies of more than 90%
1 . Due to its high working temperature (600-1000 o C) hydrocarbon fuel with internal reforming can be used and the remaining thermal energy produced with exhausted gases can be utilized for heating water or space in a cogeneration system. Therefore, SOFC has been thought to be a promising, innovation power and thermal energy generation solution. However, to deliver adequate cogeneration system for commercial stationary applications, the performance characteristics of the SOFC have to be examined. The use of simulation seems to be the perfect tool in this case, because it allows to overcome the barrier related to technical challenges in fuel cell technology as well as to reduce the costs of experimental investigations. Detailed mathematical models of fuel cells have been developed by various researchers 1, 2 and fundamental knowledge of fuel cells operational behaviour, transport phenomena as well as thermal and electrical effi ciencies have been already gained. Nevertheless, it seems that some effects of physical processes occurring in the fuel cell need still further attention. One of these issues is related to correctly predicting local fuel starvation which can be diffi cult to assess during experimental investigation due to technical barriers, while it is important to understand the SOFC operating conditions.
Perfectly uniform current density is almost impossible to attain in practice in a Solid Oxide Fuel Cell. Minimizing current density gradients reduces current density hotspots, hence it can avoid local high fuel utilization and fuel starvation in the extreme case 3 . Thus, minimizing the gradients of this key fuel cell variable in all three dimensions is always of interest. However, during experiments the distributions of current density, species or temperature in a cell are not easy to determine. It is usually unknown if the reactants are poorly depleted by the reaction products or fully consumed by complete combustion. If this is the case, then the remaining portion of the cell cannot generate enough power, thus the power density distribution could not be uniform over the whole cell surface. During measurements even the gas velocity in the cell may differ from that supplied at the gas chamber inlet
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. Therefore, one of the numerous problems of poor performance of SOFC results from the mass transport limitation across the cell.
Dysfunction of a SOFC can be also due to several other causes, such as chemical or electrochemical degradation due to formation of chemical compounds at Ni surface, which disable active sites at the surface by blocking heterogeneous reactions and obstructing charge--transfer reactions of three-phase boundary, as well as due to formation of solid carbon inside the electrode or again fuel starvation 5 . Fuel starvation can be the main problem if the cell consumes electrochemically active fuel constituents more rapidly than the fuel supply system can provide them. A low hydrogen mole fraction causes the current to decline sharply, which can cause the power produced by the fuel cell to drop. If the anode becomes fuel starved, little or no power can be produced by the cell and it can be permanently damaged as the material in the anode becomes oxidized 6 . Fuel starvation can also occur during rapid load increase if no action is taken to prevent it and therefore it is an important fuel cell operating constraint.
In order to effectively control fuel cell several methods have been identifi ed in the literature 7-9 . The simulation results 7, 8 confi rmed that the models are able to capture the overall dynamics behaviour of the SOFC. Several failure modes and effect analysis of the pumps for oxidant and fuel, fuel and air starvation conditions were simulated by applying electrical loads for 1-2 h without supplying any hydrogen and air or supplying 3% vol. humidifi ed hydrogen
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. It was shown that the anode fuel starvation by the fuel pump failure resulted in delamination of the interface between the anode/electrolyte and electrolyte/ cathode due to the extensive volume change of the NiO anode. To provide evidence of the degradation of SOFC various electrochemical and physical-chemical analyses were performed including I-V curves, electrochemical impedance spectroscopy as well as electrode polarization. Those measurements are costly, time consuming and require specialized equipment. Additional diffi culty lies in the need to obtain polarization curves before and after the starvation experiment under the same test conditions. Chen et al. 10 tried to understand the rapid degradation mechanism of a thin Nickel-Cerium Gadolinium Oxide (Ni-CGO) anode in a Strontium-doped Lanthanum Manganite-Cerium Gadolinium Oxide (LSM-CGO) cathode supported SOFC operated with low concentration of hydrogen at high current density. Experiments were carried out at 800 o C by stepwise increasing of current density in the SOFC circuit. It was found that degradation of the anode can be due to re-oxidation of Ni by O 2-and/or by the produced water steam at a higher current density. The performance of the degraded cell was unable to be directly recovered by hydrogen reduction unless the anode was fi rstly burnt in oxygen before reduced in hydrogen 10 . A redox cycle can occur for several reasons such as: thermal cycle of a SOFC system during shut down and start-up operations, cutting-off gas supply in the case of an emergency situation, oxidation from steam in the SOFC system with steam reforming, leakage through a sealing, too high hydrogen conversion rate, high fuel dilution or fi nally local fuel starvation caused by a load. It has to be underlined that fuel starvation process is one of the most dangerous factors of anode degradation due to microstructure changes 11 . However, there is no published consensus in this fi eld. Some authors reported massive degradation due to fuel starvation 12 , while other authors reported no signifi cant degradation 13 . Hatae et al. 13 noticed that when their Ni particles were oxidized at 25 mA/cm 2 the morphological change in the Ni particles and anode were very small. On the other hand, when Ni particles were oxidized at 250 mA/cm 2 , rapid electrochemical oxidation took place and the Ni microstructure changes led to micro-cracks in the anode layer and delamination at the interface between the electrolyte and anode layers 13 . Local oxidation of cells can take place at very high fuel utilization of 90%. Fuel utilization is an important parameter for evaluating fuel cell performance and it is not only determined by the electrochemical properties of the anode, but it is also dependent on the fuel distribution inside cells 14 . Therefore, a homogeneous fuel distribution is required and it can be obtained only in the case, when a proper design of the fl ow fi eld and gas manifolds are provided.
Many studies try to optimize SOFC design to operate at high fuel utilization of above 70% 15- 19 . For microtubular SOFCs operated at fuel utilization above 50%, Majewski and Dhir 16 as well as Torrell et al. 17 reported a risk of expansion of Ni agglomerates. The changing Ni volume can detach electrolyte from anode and, as a consequence, reduce the cell electrochemical activity. At high fuel utilization, electrochemical oxidation may occur due to fuel starvation 18 . In turn, Koshiyama et al. 19 optimized the separator design to improve the output power and durability of the electrolyte supported planar SOFC at high fuel utilization. It was shown that an increase in the anode rib width gives Open Circuit Voltage (OCV) drop and large overpotential under the rib due to fuel starvation. However, hydrogen/oxygen partial pressure distributions derived by Finite Element modelling, adjusted to give measured segment currents, support the experimental results. Thus, the authors 19 demonstrated feasibility of the measurement based modelling as a useful tool in improvement of the separator design for a stack. The initial current distribution as well as fuel and oxygen distributions inside the anode can be signifi cantly altered also by the contaminant coverage of 10 ppm of phosphine in the fuel channel. Results 20 show that after initial transients, there was a rapid degradation. Current redistribution caused by contaminant induced deactivation of some regions of the cell resulted in hydrogen starvation in the active regions, which in turn led to oscillations in the voltage and current. Flexibility of simulations and predictions of the I-V behaviour of a cell was presented in the paper 20 . A 3D CFD model was also applied to an anode-supported planar SOFC to investigate transport phenomena inside a fuel cell fed with hydrogen and to evaluate its overall performance 21 . It was found that temperature gradients existed along the length of the cell and therefore the maximum value of temperature for the cross-fl ow was at the outlet of the cell. Thus, the current density distribution was uneven and the maximum current density was found at the interfaces between the channels, ribs and the electrodes. The maximum current density resulted in a large overpotential and heat source in the electrodes, which was harmful to the overall performance of the fuel cell. Zhang et al. 21 proposed a new type of fl ow structure to make the current fl ow more evenly distributed and promote most of the triple phase boundary areas to take part in electrochemical reactions.
Encouraged by the good results achieved with the SOFC by Zhang et al. 21 , we decided to continue the numerical investigations 24 of the single planar SOFC behaviour under high fuel utilization and possibly high current densities. The numerical CFD results 24 were obtained at hydrogen mass fl ow rate equal to the experimental value and revealed non-uniform current density over the cell length.
Motivation for the present work stems from the need to correctly predicting local fuel starvation in order to avoid destructive nickel oxidation of the anode electrode. It is important to understand the SOFC operating conditions and its infl uence into cell behaviour. Thus, it was decided to illustrate a potential of the CFD tool in investigations of a single planar anode-supported Solid Oxide Fuel Cell behaviour. Calculation of gas velocities, species and current density distributions by modelling was presented. In addition, a hypothesis explaining the deviations of numerical CFD predictions from experimental results was defi ned and tested.
NUMERICAL APPROACH
The geometry used in this paper based on a tested design of anode-supported planar SOFC developed by Bossel The computational domain includes 3D unstructured mesh (Fig. 2 ) of 890 thousand computational cells built in the ANSYS Meshing 15.0. The mesh is fi ner in the anode and cathode layers, while coarser for the air and fuel channels and for the interconnectors. Based on the orthogonal quality and element quality parameters, it was found that the quality of the mesh was good because the value of the chosen parameter was equal to 0.59 and was inside the available range. A 3D computational model was developed in the commercial CFD code ANSYS Fluent 15.0 with an additional ANSYS Fuel Cell Tools module. During the simulations the mass and heat transfer, fl uid fl ow and species transport as well as the electric fi eld in the fl ow channels and in the porous electrodes were considered. The transport equations were coupled with electrochemical processes through source terms used to describe the relevant processes in fuel cells. Thus, the electrolyte was treated as "interface" (zero thickness layer) in the applied approach and had two functions. First of all, its main task was to transport oxygen ions from the cathode to the anode side and second to block electron as well as gas fl ow between the anode and cathode. The electron transport was considered in order to collect current from the fuel cell. Species transport through the porous electrodes occurs in the gas phase and was integrated with the electrochemical reactions. The electrodes were considered as porous media and species transfer was dominated by the gas diffusion. All gas streams were regarded as incompressible laminar fl ows due to low velocity along the thin channels. Fuel and air were modelled using the ideal gas assumption due to the high operational temperature and low pressure. Based on the same assumption of ideal gas mixing law, the other basic properties such as heat capacity, viscosity and thermal conductivity of the gaseous species were calculated in the CFD code. The governing equations for mass balance (Eqs. 1-10), momentum balance (Eqs. 12-13) as well as energy balance (Eqs. 14-18) and charge balance (Eqs. 19-24) solved in the model are presented below.
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(10) The effective mass diffusivity coeffi cient, , was approximated by the function of the electrode porosity, ε, tortuosity factor, τ, and binary diffusion coeffi cient, D i, k (Eq. 11):
(11) Air/fuel channels (13) Thermal energy was transferred by conduction and convection, however the radiative heat transfer was neglected due to its low impact 23 . Anode 
The cell potential, , was computed from the following relationship: (25) where:
is the Ohmic overpotential of the electrolyte, and represent respectively the activation overpotential of the anode and cathode, represents the Ohmic losses in the solid conduction regions such as current collectors, while represents the Nernst potential, , described by Eq. 26:
In order to estimate the activation overpotentials for anodes and cathodes the Newton method was used to solve the Butler-Volmer equation 27: (27) In Eq. (27), i is the current density, i 0,eff is the effective exchange current density, α anode and α cathode are anodic and cathodic transfer coeffi cients, respectively. The coeffi cients were defi ned as 0.5, because of the nearly universal assumption that there was a symmetric balance between the forward and backward reactions. In addition, F is the Faraday's constant, n is the number of electrons that are released per reaction, R is the universal gas constant, T is the absolute temperature. The effective exchange current density, i 0,eff , at the anode and cathode side can be written as:
where i 0,ref is the exchange current density at the reference condition, χ j is the mole fraction and γ j is the concentration exponent for species j.
The species sources or sinks appearing in Eqs. 19-24 for the anodic (Eqs. 30, 31) and cathodic (Eq. 32) molar fl uxes, respectively, are the following:
The following reactions for a planar SOFC, fed with hydrogen to the anode side and oxygen to the cathode side, were considered:
Flow channels were designed to connect two pairs of opposite orifi ces at four corners of the SOFC plates. Each of the bipolar plates had an air channel system on one ribbed side and a fuel channel system on the other side as shown in Figure 3 . The fuel and air inlets are located at the bottom edge of the cell on its opposite sides: fuel at the left side and air at the right side (Fig. 3) . scheme was considered, while for gradient estimations the Green Gauss node was used.
The presented model was also based on the following assumptions: steady state conditions were considered, fuel and air channels were treated as adiabatic, radiation heat exchange between MEA -Membrane Electrode Assembly and interconnectors was neglected, heat convection was neglected in the porous electrodes. The studied cases for the two chosen mass fl ow rates of hydrogen were numerically solved for the operating temperature of 700 o C and for a broad range of cell voltage from 0.3 to 1.1 V. In both cases, all residual limits were set up below 1 . 10 -6 and several key values were monitored. At the end of iteration they showed little value fl uctuation indicating suitable level of convergence. Polarization curves at the chosen temperature were calculated by keeping the adjustable parameters constant.
RESULTS AND DISCUSSION
Analysis of the simulation results was initially focused on verifi cation of the I-V curve predictions with the corresponding experimental data 22 . Finally, distributions of species at the electrolyte layer on the anode side as well as distributions of temperature, velocity magnitude and pressure as a function of voltage were presented.
Comparison of the CFD results with experimental results 22 revealed a few different points. Firstly, for the current density values higher than 8 [A] achieved within the SOFC from simulation for the case I, deviations from the experimental results were noticed (Fig. 4) .
The CFD curves marked by black squares for original mass fl ow rate of hydrogen within the SOFC correspond One pair of channels in adjacent plates is used for the air fl ow along their cathode electrodes, the opposite pair is designated for the fuel fl ow along the anodes of the neighbouring cells. The basic dimensions of the fuel cell are presented in Table 1 . Table 3 . Properties of the fuel cell component The operating conditions and input parameters for the developed model are listed in Tables 2-3 . In order to quantify the effect of the hydrogen starvation within the planar SOFC, two cases of different mass fl ow rates of hydrogen were simulated numerically. In the fi rst case (case I), which mimicked the experimental conditions 22 , the hydrogen mass fl ow rate was equal to the value used in the measurement. In the second, fi ctitious case (case II), it was assumed that the mass fl ow rate of hydrogen should be increased and it was equal to 9.9 . 10 -8 [kg/s]. For the momentum, energy and species differential equations the second order upwind discretization scheme was used, while for the pressure equation the second order discretization scheme was applied. Discretization of the electric potential within the fi rst order upwind ] signifi cant gradients in the current were obtained. Therefore, additional simulation of case II was run at the mass fl ow rate of hydrogen increased twice (in comparison to the original value of mass fl ow rate taken from the experimental investigation) to avoid fuel starvation. It was found that for the operating voltage of 0.7 [V] the electric current slightly increased and its value (white triangles in Fig. 4 ) was closer to the Figure 5 shows the current density distributions of the modelled SOFC structure for cases I and II and at the operating cell voltage of 0.3, 0.7 and 1.1 [V] .
The current density ranged from 1700 to 29 000 [A/ m 2 ], which is common value for the electric current for realistic SOFC under operational conditions 25 . The current density was non-uniform over the cell length and areas of the highest current density were identifi ed in particular at the cell voltage of 0.3 and 0.7 [V] . An attempt to explain such SOFC behaviour was undertaken. For this purpose the hydrogen and oxygen mass fraction distributions are shown in Figures 6-7 , respectively. Fuel inlet was located at the left bottom corner, while the air inlet was located at the upper left corner. The fuel and air fl ow directions were across the cell, perpendicular to each other.
The mass fractions of hydrogen for both considered cases I and II changed unevenly between the fuel inlet and outlet. The mass fractions of hydrogen (Fig. 6 ) as well as of oxygen (Fig. 7) decreased along their main fl ow directions. It seems from the simulations the areas where hydrogen was available were electrochemically highly active and the cell was locally able to produce current at the applied voltage, while in the areas where local fuel starvation could be noticed, the cell could not produce enough electrical current. It has to be underlined that areas where the hydrogen and oxygen concentrations strongly decreased (Figs. 6 and 7) overlap with regions of the highest current density (Fig. 5) . In those regions the highest electrochemical reaction rates were noticed and therefore high mass fractions of water steam for case I can be noticed from those regions up to the fuel outlet (Fig. 8) .
For the case II, when the inlet hydrogen mass fl ow rate was doubled, areas of high water steam concentration were shifted into the central part of the fuel cell, which suggests that hydrogen starvation was limited and more uniform species distributions across the cell were obtained (Figs. 6-8 b) .
One of the key parameters affecting the performance characteristics of the planar SOFC is the operating pressure, which affects transport properties and electrochemical behaviour. In the planar SOFC design proposed by Bossel 22 the pressure drop in the fuel channel ranged from 18.9 to 12.9 [Pa] for case I and from 31.8 to 29. 9 [Pa] for case II, respectively for voltage values from 0.3 to 1.1 [V] . In both considered cases, I and II, the pressure distributions presented in Figure 9 were quite uniform across the cell.
The SOFC should preferably operate around its maximum power density at high electric effi ciency and without local fuel starvation. To achieve these conditions the fuel velocity needs to be properly controlled. Figure 10 shows the gas velocity distributions in the fuel channel at the 3 operating voltages. The hydrogen fuel enters the anode channel in the lower left corner at the velocity of 1.5-1.7 [m/s] for case I and 2.9-4.2 [m/s] for case II. Then the hydrogen fl ows along 27 sub-channels with a different length and leaves the anode channel through the fuel outlet located at the upper right corner. In both cases, the highest gas velocities were noticed at the inlet, then it dropped slightly and increased again in the outlet region of the planar fuel cell. As it can be seen from Figure 10 b, the gas velocity of the planar fuel cell for case II with the mean value of 0.7 [m/s] ensures that the current density safety varies from 1700 to 29 000 [A/m 2 ] without fuel starvation, whereas high fuel utilization, electric effi ciency and maximum power density can be achieved.
Additionally, temperature distributions in the fuel channel for both considered cases are presented in Figure 11. The temperature distributions were strongly non--uniform. The maximum fuel temperature was identifi ed Therefore, thermal stresses analysis in a planar SOFC needs to be investigated in further steps.
CONCLUSIONS
Insight into the cause and potential solutions of the fuel starvation problem was gained by numerical simulations. The analysis of cell performance during hydrogen starvation in the single planar SOFC with complex fl ow channels design was carried out using the CFD tool. It was shown that the change of the fuel mass fl ow rate plays a signifi cant role in the SOFC performance. An appropriate selection of the fuel fl ow rate can improve the current-voltage characteristics and power curve. Due to the selection of the fuel fl ow rate, the fuel distribution in the anode becomes more uniform and therefore the local fuel starvation effect was avoided. As a result the effective active surface of the electrolyte increases as well. A higher level of the fuel distribution uniformity infl uences into the more uniform current density distribution in the SOFC. In addition, the appropriate selection of the fuel fl ow rate reduces the risk of local fuel cell degradation due to non-uniformity distribution of temperature.
A typical and the most optimal in terms of the SOFC effi ciency value of the operational voltage was equal to 0.7 V. The voltage change to two extreme values of 0.3 and 1.1 V resulted in both cases to temperature increased. Both cases can be called as critical and the operational conditions should be avoided due to the risk of fuel cell damage. In addition, at a low voltage value of 0.3 V, there was a high risk of the fuel starvation, while at high voltage value of 1.1 V, there was a risk of a low level of the fuel usage for power production.
In the future, an infl uence of the fuel fl ow rate changes into thermal stress distribution in the SOFC will be investigated in order to perform the stress analysis and to identify the most loaded components and regions in the SOFC. 
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